In this work we experimentally investigate the improved intrachannel fiber nonlinearity tolerance of digital subcarrier multiplexed (SCM) signals in a single-channel coherent optical transmission system. The digital signal processing (DSP) for the generation and reception of the SCM signals is described. We show experimentally that the SCM signal with a nearly-optimum number of subcarriers can extend the maximum reach by 23% in a 24 GBaud DP-QPSK transmission with a BER threshold of 3.8 × 10
Introduction
Digital signal processing (DSP) has been widely employed in coherent optical (CO) communication systems and enables effective compensation for many types of linear impairments such as chromatic dispersion (CD) and polarization mode dispersion (PMD). However, fiber nonlinearities remain a factor that limits the achievable transmission distance in optical communication systems. In the digital domain, several methods have been proposed to mitigate the nonlinear impairments such as digital back propagation (DBP) with inverse fiber parameters [1] [2] [3] , perturbation-based nonlinear pre-compensation [4] [5] [6] and maximum-likelihood sequence estimation (MLSE) [7] . However, the computational complexity of these approaches is usually high. Pulse shaping was proposed in [8, 9] as an alternative to mitigate fiber nonlinearities by increasing the power of the high-frequency components in the signal spectra. The drawback of this method is the reduced spectral efficiency (SE) because an increased bandwidth is usually required for a noticeable performance improvement.
In [10] [11] [12] [13] , it was shown by both theoretical analysis and numerical simulations that the subcarrier granularity has significant influences on the nonlinear performance of dispersionunmanaged CO transmission systems. That means by splitting the high-baud-rate single carrier (SC) signal into multiple multiplexed low-baud-rate subcarriers and optimizing the number of subcarriers, the nonlinearity tolerance of the system can be improved even though such subcarrier multiplexed (SCM) signals generally have a higher peak-to-average power ratio (PAPR) at the beginning of the transmission link [12] . The improved nonlinearity tolerance benefitting from subcarrier multiplexing can be explained by the theory of four wave mixing efficiency [12] or the walk-off between subcarriers due to CD [14] . Similar ideas have also been demonstrated by simulations in coherent optical orthogonal frequencydivision multiplexing (CO-OFDM) systems which show the reduced-guard-interval (RGI) CO-OFDM systems potentially have higher intra-channel nonlinearity tolerance than the Nyquist single carrier systems if the signal is optimized [14] . But different from CO-OFDM, each subcarrier of the SCM signal can be separated and processed independently using algorithms of single carrier systems because the spectra of subcarriers are not overlapped for SCM signals.
On the other hand, thanks to the development of high-speed digital-to-analog converters (DAC), the generation of SCM signals can be achieved readily by generating the required signals digitally in the transmitter DSP and loading the samples to DACs for digital-to-analog conversion. Since the multiplexing of subcarriers is achieved in the digital domain, the implementation penalty is expected to be smaller compared with the analog methods [15] . Therefore, digital subcarrier multiplexing also serves as a practical candidate for fiber nonlinearity mitigation and a thorough experimental study of it will be instructive. In our previous work we have already demonstrated the feasibility of generating SCM signals using DACs and experimentally investigated the improved intra-channel nonlinearity tolerance of SCM signals in a 24-GBaud single-channel dual polarization (DP) quadrature phase shift keying (QPSK) transmission system [16] .
In this work, we discuss in more details our work in [16] . The optimum design of SCM signals is also investigated. Moreover, we extend our study to 16 -QAM transmissions and demonstrate the advantage of SCM signals in more schemes. The remainder of the paper is organized as follows. In Section 2 we introduce the transmitter and receiver DSP for the multiplexing and de-multiplexing of subcarriers. Then in Section 3, we numerically and experimentally compare the transmission properties of SC signals and SCM signals for QPSK and 16-QAM, showing that properly designed SCM signals outperform SC signals in terms of intra-channel nonlinearity tolerance. Finally we conclude in Section 4. Figure 1 illustrates the simulated transmitter-side spectra of the SC signal and the SCM signals with 2, 4 and 8 subcarriers. The total baud rate is 24 GBaud, so the baud rate of each subcarrier is 12 GBaud, 6 GBaud and 3 GBaud respectively for the three SCM signals. The modulation format is QPSK. Root raised cosine (RRC) pulse shaping with a roll-off factor of 0.1 is used in this work. Note that no guard band is left between subcarriers in the SCM signal spectra, so the optical bandwidth and SE are the same for all signals. The subcarriers are multiplexed using the configuration shown in Fig. 2(a) . K denotes the number of subcarriers in the SCM signal. Note that the SC signal can be regarded as a special SCM signal when K = 1, so Fig. 2 applies to the SC signal as well. Independent data sequences are used in each subcarrier and mapped to QPSK or 16-QAM symbols. After the symbols are interpolated to 2 samples per symbol in each subcarrier, the samples, denoted as S k , k = 1,2…K, are transformed to the frequency domain and filtered by a RRC filter H(f) with a roll-off factor of 0.1. Then the outputs are up-sampled by K (essentially frequencydomain zero padding), shifted to different frequencies in the spectrum and multiplexed. These operations are also done in the frequency domain. After the re-sampling to the DAC sampling rate, the signals are pre-compensated to combat the limited bandwidth of the transmitter based on the pre-measured transmitter frequency response. Finally the timedomain samples are sent to DACs for digital-to-analog conversion. Correspondingly, for subcarrier de-multiplexing, we use a configuration as shown in Fig. 2(b) . The SCM signal is first digitized by analog-to-digital converters (ADC) and re-sampled to twice the total baud rate. All subcarriers are captured simultaneously in a single detection. After the transform to the frequency domain, each subcarrier is successively shifted to the baseband and filtered out using a digital low-pass matched filter G(f). Finally the low-baud-rate signal in each subcarrier is down-sampled by K (essentially truncating zeros in the frequency domain to 2 samples per symbol), transformed to time domain and processed in parallel. The other DSP blocks are similar to those in conventional SC systems and are not shown in Fig. 2 . Fig. 2 . Illustration of (a) the transmitter-side DSP for subcarrier multiplexing and (b) the receiver-side DSP for subcarrier de-multiplexing. Figure 3 illustrates the experimental setup. ECLs with linewidths <100 kHz are used at both the transmitter and the receiver. The SC or SCM signals are generated offline with a total baud rate of 24 GBaud, converted to analog domain via two DACs and drive an IQmodulator for electrical-to-optical conversion. The DACs operate at a sampling rate of 32 GSa/s with a physical resolution of 6 bits. The DP signal is emulated by splitting the signal into orthogonal polarizations and recombining them after delaying one polarization by 26 ns. This time duration corresponds to a delay of 624 symbols in the SC case. A VOA is used to control the launch power before the signals enter a re-circulating loop. The loop consists of 320 km of standard single mode fiber (SMF-28e + ) and in-line EDFAs with a noise figure of 5 dB are employed after every 80 km of fiber. The output from the loop is filtered, preamplified and filtered again. After coherent detection by an integrated coherent receiver, the signals are digitized by a 4-channel real-time oscilloscope with a sampling rate of 80 GSa/s per channel. Finally the digital signals are processed offline in MATLAB, including IQ imbalance compensation, re-sampling, frequency offset (FO) and CD compensation [17] , matched filter followed by down-sampling in the frequency domain as shown in Fig. 2(b) , timing recovery [18] , blind equalization and the carrier phase recovery described in [19] . For QPSK a modified version of constant modulus algorithm (CMA) [20] is used for blind equalization and for 16-QAM we use a training-symbol-aided decision-directed least mean square (DD-LMS) algorithm for better convergence with CMA for pre-convergence. A total of ~2 × 10 5 symbols are extracted for offline processing. The BER or Q 2 factor of the SCM signals is an average value over all subcarriers. Note that for the SCM signals the DSP blocks before matched filtering (with black color in Fig. 3 ) are applied to the multiplexed signal and the rest of the processing (with red color in Fig. 3 ) is done independently for each subcarrier.
Subcarrier multiplexing and de-multiplexing

Setup, results and discussions
The transmission property of different signals is first investigated numerically using MATLAB and OptiSystem. In simulations we modulate the two polarizations independently instead of using a DP emulator. Frequency offset and polarization-related transmission impairments are not considered in the simulations. The results are shown in Figs. 4(a) and 4(b) which depict the relationship between Q 2 factor and transmission distance for QPSK and 16-QAM transmissions respectively. The Q 2 factor here is calculated from the spread of the received constellation points after carrier phase recovery as Q 2 (in dB) = 20 × log 10 (d min /2σ), where d min is the minimum Euclidean distance of the constellation and σ is the estimated standard deviation of the noise in the in-phase or quadrature dimension. The launch power is swept with a 1-dB step in each case and the optimum power corresponding to the maximum Q 2 factor is chosen. In both Figs. 4(a) and 4(b), it can be observed that there exists an optimum number of subcarriers, or equivalently, an optimum value of subcarrier baud rate. For example, at 3200 km in Fig. 4(a), 8 subcarriers can be considered as optimum, which means the optimum subcarrier baud rate is close to 3 GBaud in this case. In addition we note that with longer transmission distances the optimum number of subcarriers tends to increase especially for QPSK, which agrees with the simulation results in [10] . The simulation results indicate that by transmitting properly designed SCM signals instead of SC signals, the system performance can be improved significantly for both QPSK and 16QAM. To further demonstrate the improved nonlinearity tolerance of the SCM signals, we experimentally compare the performance of SC signal and SCM signals with 2, 4 and 8 subcarriers for QPSK transmissions, and SC signal and SCM signals with 2 and 4 subcarriers for 16-QAM transmissions. Note that a subcarrier number of 8 and 4 are already nearly optimum for the QPSK and 16-QAM systems respectively within the transmission range we investigate as shown in Fig. 4 , so SCM signals with more subcarriers are not investigated in the following experiments. In experiments the back-to-back performance is first investigated. Figures 5(a) and 5(b) summarize the BER versus OSNR (0.1 nm) curves of different signals when the modulation format is QPSK and 16-QAM respectively. The OSNR is swept by using receiver-side noise loading and controlling the noise power using a VOA. The theoretical curves are also plotted as references. As shown in both figures, small penalties are observed when we increase the number of subcarriers. Specifically, in the QPSK case shown in Fig. 5(a) , the OSNR penalty at a BER threshold of 3.8 × 10 −3 is ~0.2 dB if we transmit the SCM signal with 8 subcarriers in place of the SC signal. Similarly, in the 16-QAM case in Fig. 5(b) , the penalty at a BER threshold of 2 × 10 −2 is ~0.3 dB if the SCM signal with 4 subcarriers is transmitted. This is because the SCM signals are more susceptible to certain types of system imperfections, e.g., the limited effective DAC resolution, the FO estimation error and the laser phase noise. Next we fix the transmission distance and investigate the BER under different launch powers. The results are summarized in Fig. 6(a) for QPSK transmission and in Fig. 6(b) for 16-QAM transmission. The investigated distance is 5760 km and 1920 km for these two modulation formats respectively. As shown in both figures, if the power launched into the fiber is low, e.g., -4 dBm, the systems are mainly limited by linear impairments and the BER is approximately the same for all signals. However, as the launch power increases, fiber nonlinearities become more significant. In such regimes, the SCM signals enable a lower BER than the SC signal, demonstrating the improved nonlinearity tolerance of the SCM signals. The improvement is particularly significant when the launch power is larger than -2 dBm. In terms of the optimum launch power, an increase from -2 dBm to -1 dBm is observed in the QPSK case as shown in Fig. 6(a) if the SCM signal with 8 subcarriers is transmitted instead of the SC signal. In the 16-QAM transmission, although such an increase of optimum launch power is not explicit, the better performance of the SCM signals is also observed with the optimum launch power and higher launch powers. Next we compare the achievable transmission distance of different signals with a pre-set BER threshold. The results are plotted in Fig. 7(a) for QPSK transmission with a BER threshold of 3.8 × 10 −3 and in Fig. 7 (b) for 16-QAM transmission with a BER threshold of 2 × 10 −2 . Even though we can only transmit signals for integer number of loops in the experiments, the achievable transmission distance in Fig. 7 is estimated using interpolation at the BER threshold when necessary. In accordance with the results in Fig. 6 , the achievable transmission distances of different signals are similar in the linear regime with low launch powers. However, if we investigate the maximum transmission distance of different signals with their respective optimum launch powers, we see that the achievable reach can be extended by transmitting the SCM signals. Specifically, in the QPSK case shown in Fig. 7(a) , the optimum launch power for the SC signal is -2 dBm which enables a transmission distance of approximately 5900 km. All the three SCM signals can increase the maximum reach. In particular, the SCM signal with 8 subcarriers enables a transmission of 7250 km with its optimum power of -1 dBm. Therefore, an extension of ~23% can be achieved. In the 16-QAM case as shown in Fig. 7(b) , the optimum launch power for all signals is -1 dBm, but the maximum reach is extended from 2030 km to 2200 km with this launch power if we transmit the SCM signal with 4 subcarriers in place of the SC signal. This means an extension of ~8%. Finally we extend our work to other baud rates in simulations. Figure 8 shows the Q 2 factors of different signals with various total baud rates. The transmission distance is 6400 km in the QPSK case in Fig. 8(a) and 1920 km in the 16-QAM case in Fig. 8(b) . The Q 2 values are obtained with the optimum launch power in each case. One thing to observe is the optimum number of subcarriers tends to increase as the total baud rate becomes larger. For example, the optimum number of subcarriers is close to 8 in the 16-GBaud QPSK system and increases to 16 when the total baud rate becomes 40 GBaud as shown in Fig. 8(a) . In addition, in both figures we can see the system performance can be improved significantly within a wide range of baud rates (from 16 GBaud to 56 GBaud) by transmitting properly designed SCM signals. This result further indicates the merits of SCM signals in baud-rate flexible networks and future high-speed transmission systems. 
Conclusion
In this work we experimentally generate subcarrier multiplexed signals using transmitter DSP and high-speed DACs and investigate the improved intra-channel nonlinearity tolerance of the SCM signals in long-haul transmission systems. By transmitting an SCM signal with a nearly-optimum number of subcarriers, we demonstrate an extended reach of 23% for a 24-GBaud DP-QPSK system with a BER threshold of 3.8 × 10 −3 and of 8% for a 24-GBaud DP-16-QAM system with a BER threshold of 2 × 10 −2 . Besides, the advantage of SCM signals is demonstrated within a wide range of baud rates, which further indicates their potential applications in baud-rate adaptive transmissions and future high-speed communication systems.
